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CONVENIENT MONITORING METHOD AND
SYSTEM FOR SWING COLLAPSE RISK OF
SKYSCRAPERS

TECHNICAL FIELD

[0001] The invention relates to the technical field of safety
and health monitoring and disaster early warning of urban
ultra-high buildings, in particular to a convenient monitoring
method and system for swing collapse risk of skyscrapers.

BACKGROUND

[0002] Skyscrapers generally refer to all kinds of ultra-
high buildings, towers and other buildings, for example, the
high-rise buildings everywhere in large and medium-sized
cities. Skyscrapers are the product of rapid economic devel-
opment and the most obvious indicator of urban economic
vitality. With the development of economy, a growing num-
ber of cities are building super-high-rise buildings for the
purpose of demonstrating financial strength or alleviating
the space demand of densely-populated cities. In recent
years, as for high-rise buildings in developed cities such as
Shanghai in China and Shenzhen in China, the average
height of new building structures is increasing every year.
By the end of 2016, more than 6,000 super high-rise
buildings over 100 meters and 485 super high-rise buildings
over 200 meters have been built and topped off in large and
medium-sized cities in China.

[0003] Super-tall buildings keep emerging in various
places, the structural safety issues of these buildings have
attracted more and more attention from all walks of life, and
affected social stability and safety of life and property. For
example, on May 18, 2021, Shenzhen SEG Building, the
355.8-meter-high skyscraper in Shenzhen, shook for an
unknown reason, and attracted the attention of all walks of
life. Internationally, accidents of high-rise buildings tilting
or even collapsing have taken place from time to time in
recent years. For example, a 10-story residential building in
Cairo, Egypt collapsed on Mar. 27, 2021, claiming nearly 20
lives. On June 24th, the collapse of Miami apartment
building in the United States caused nearly 100 people to die
or disappear. On November 1st, a 21-story building under
construction in Lagos, Nigeria collapsed, killing more than
20 people.

[0004] The shaking of SEG building, the collapse of
Miami apartment building and the collapse of Cairo resi-
dential building all reminds us that the urban construction
peruses not only height, but more importantly, quality and
safety. However, all over the world, the construction of
various landmark super-high buildings will not stop in view
of the shaking of Shenzhen SEG building in May 2021, nor
will people return to the tree nest cave due to the collapse of
Miami apartment building. Therefore, it is urgent to improve
the risk perception ability in building disasters, and propose
more practical methods to monitor, analyze and evaluate the
influence of various factors on the safety of super-high
buildings, so as to avoid problems in advance. Therefore, the
invention proposes a convenient swing monitoring method
and device to solve the problems of skyscrapers existing in
the prior art.

SUMMARY

[0005] In view of the above problems, an objective of the
invention is to propose a convenient swing monitoring

Jun. 22, 2023

method and device for skyscrapers. This method can effec-
tively realize the perception and warning of the collapse risk
of super-high building structures through networking moni-
toring of multiple sets of multi-mode integrated navigation
receivers and the calculation and feature extraction of build-
ing structure features, improve the risk perception ability of
skyscraper disasters, and accurately monitor, analyze and
evaluate the influence of various factors on the safety of
super-high buildings.

[0006] In order to achieve the objectives of the invention,
the invention is realized by the following technical scheme:
a convenient swing monitoring method for skyscrapers,
including the following steps:

[0007] step 1, establishing a building monitoring network
by using a vertically distributed three-layer three-dimen-
sional mesh layout, and setting four monitoring points on
each layer of the building monitoring network, each moni-
toring point is provided with a receiver and a data conver-
sion module (also referred to as data converter), receiving
navigation data sent by a satellite navigation system in real
time through each receiver, and transmitting monitoring data
of the monitoring point to a disaster risk monitoring center
through each data conversion module;

[0008] step 2, recording differential navigation positioning
data obtained by the four monitoring points on each layer of
the building monitoring network at t, moment, which are
respectively {(x,,(t), v,; (), z (t)i=1,23,4; j=0,1,2},
where j denotes the layer serial number for three monitoring
planes from bottom to top, and i denotes the serial number
for the four monitoring points numbered clockwise at the
corresponding layer; using differential navigation position-
ing data of the four monitoring points on the same layer to
calculate a central coordinate and a normal vector of the
plane in the layer, and respectively determine a maximum
deviation, a maximum inclination angle and a maximum
inclination azimuth angle of a building structure according
to the central coordinates and the normal vectors of the three
monitoring planes; and

[0009] step 3, continuously acquiring sampling data of the
building structure by the disaster risk monitoring center
based on the building monitoring network, and constructing
a high-fidelity fault-tolerant filter with anti-outlier effects to
filter the sampling data and extract intrinsic signals, then
drawing curves changing with time of the maximum devia-
tion, the maximum inclination angle and the maximum
inclination azimuth angle of the building structure according
to the extracted intrinsic signals, and then judging whether
there is any abnormal change in the building structure
according to the relevant international and domestic building
safety standards, and giving an alarm and a risk response in
case of abnormal circumstances, so as to realize the percep-
tion and warning of the collapse risk of the building struc-
ture.

[0010] A further improvement is that in the step 1, a
network layout of the building monitoring network is a
bottom-middle-top three-layer structure sequentially distrib-
uted from bottom to top, and the receiver is a high-precision
multi-mode satellite navigation receiver, and includes dif-
ferent modes of Global Positioning System (GPS) \ Global
Navigation Satellite System (GNSS) \BeiDou Navigation
Satellite System (BD), which are collectively referred to as
GNSS, and a converged multi-mode.

[0011] A further improvement is that in the step 1, the
navigation data includes navigation message and differential
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positioning data (also referred to as differential navigation
positioning data), and the data conversion module transmits
the monitoring data of the monitoring point to the disaster
risk monitoring center through a ZigBee communication
network.

[0012] A further improvement is that in the step 2, the
center coordinate (X,,y,,z,) is calculated by using the differ-
ential navigation positioning coordinates (also referred to as
differential navigation positioning data) {(x; {ts), y; {tx)- 2,
(t)i=1,2,3.4} of the four monitoring points on the j-th
(j=0,1.,2) layer obtained at the t, moment, and the calculation
formula is:

X1, () + X3 (lk) x2,7 (%) +x4 (1) 4
i) = ( N 5 ./ .f v ) 42:1 X, (k)
7 = ()ﬁ](lk) ;rJ/3](1k) V2, () +J/4](lk)) 421 Yt
z1,;(k) + 23 (1) Zz](lk) +Z4 (k)
2,(t) = ( > ) 42 z j(t)
(=0,1,2);
[0013] the differential navigation positioning coordinates

{xi (6> vi; (8 7,5 (1)11=1,2,3,4} of the four monitoring
points on the j-th (j=0,1,2) layer obtained at the t, moment
is used to calculate the normal vector (lj, my, nj) of the plane
j (j=0,1,2), and the calculation formula is:

| ) = v ) va i) — va, i)
21,;(k) = 23, ;) Z2,;(tk) — 24 ;(8)
21, 5(8) — 23,5 (&)  Z2,5(0) — 24, 5(%)
X1, (8) = 23, W) x2,5(t) — 24 ;(8)
X1, () = x3,;(t)  X2,5(tk) — Xa,5(8)
Y1) = v3. 1) v2,5tk) — ya ;)

LD, j(t) D2, j ()]

m (61 D1, (1D, ;)]

;)] [Dy ;) Dy (1] !

U=0,1,2),

[0014] where

(e, (t) — x3, ;)P +
O = y35W)* +
(z1,7(te) — 23 5(0))?

Dy () =

(o2, 5(%) — x4 ;@) +
U2, ) = ya s (G)* +
(22/(t) — 24, ;1))

Dy j(t) =

[0015] A further improvement is that the maximum devia-
tion of the building structure is calculated by using the center
coordinate (X,y,z) (j=0,1,2) of three different layers
obtained by calculation, and the calculation formula is:

Do,z(fk):\/ o)Xt )1 ));

[0016] the normal vectors (l;, m;, n;) of three different
planes j (j=0.,1,2) are used to calculate the maximum incli-
nation angle of the building structure. The calculation for-
mula is:
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0(te) = jr:r})fll)fzarccos{n FUIH

[0017] the maximum inclination azimuth of the building
structure is calculated and the formula is:

o) = jr:r(l)z)l.l)’(zarccos{lj (te)}-

[0018] A further improvement is that in the step 3, the
specific algorithm of constructing the high-fidelity fault-
tolerant filter with anti-outlier effects is as follows:

[0019] S1, selecting an odd number r, setting the width of
the sliding window to be L=3r, as for the deformation degree
sequence {&, (tote {{Do,(t)}, {B(t)}, {0(t)}} of the
building structure, recording {Le(t;_), - - - » Le(ty, )} as the
sequence of data segments {§(t,_,), &(tk o)} sorted from
small to large, and performing the sliding tertile fault-
tolerant mean filtering, the filtering calculation formula is:

A
Feo=~3 0" | Loty

(k=s+1,5+2,...,n—3),

where s=(3r—1)/2, and n is the number of sampling data
points;

[0020] S2, comparing the original sequence {&, (t,)} €
{{Do(t0}, {8(t0}, {81}, {0(t0}} with the tertile fault-
tolerant mean filtering to make a difference to form a
residual sequence Aé(tk)zﬁ(tk)—Fé(tk);

[0021] S3, adding s number of zeros to the left and right
ends of the residual sequence {Ag(t,)} to form a residual
sequence with the number still being 17 , and performing
sliding tertile fault-tolerant mean filtering again to obtain
residual tertile fault-tolerant filtering:

1 w—r
- ZJ_;W Lg(tery)

(k=s+1,5+2,...,n—3),

Faglte) =

[0022] where {L,g(t;_), » Lag(tirs)} is the data
sequence of residual fragments {Ag(t,_), . . ., Ag(t, )}
sorted from small to large;

[0023] S4, compensating the residual error of the tertile
fault-tolerant mean filtering Fe(t,) obtained in the S1 by
using the residual tertile fault-tolerant filtering Fg(t,)
obtained in the S3 to obtain the digital sequence double
tertile sliding filtering {&, (1)} € {{Dy(t)}, {8(t0)}, {0(t,)
1}, the calculation formula is: &(tk)zFé(tk)+FAé(tk) (k=s+1,
s+2, . .., n—s) which is the high-fidelity fault-tolerant filter.
[0024] The convenient swing monitoring device for sky-
scrapers includes a distributed building monitoring network
and a centralized disaster risk monitoring center; the dis-
tributed building monitoring network has a three-layer three-
dimensional mesh layout which is vertically distributed, and
each layer of the distributed building monitoring network is
provided with four monitoring points, each monitoring point
is provided with a receiver and a data conversion module,
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and is responsible for receiving and forwarding satellite
navigation messages and navigation positioning measured
data; the disaster risk monitoring center includes a data
receiving module, a center point coordinate and normal
vector calculating module, a structural deformation vari-
ables calculating module, a structural deformation variables
sliding filtering and feature extraction module, a risk judging
module and an early warning module which are sequentially
connected, and the data receiving module is connected with
the building monitoring network.

[0025] the data receiving module, the center point coor-
dinate and normal vector calculating module, the structural
deformation variables calculating module, the structural
deformation variables sliding filtering and feature extraction
module, the risk judging module and the early warning
module are software modules stored in one or more memo-
ries and executable by one or more processors coupled to the
one or more memories.

[0026] A further improvement is that the data receiving
module receives data from the distributed building monitor-
ing network, the center point coordinate and normal vector
calculating module calculate the center point coordinates
and normal vectors from the distributed building monitoring
network, the structural deformation variables calculating
module calculates the maximum deviation, the maximum
inclination angle and the maximum inclination azimuth
angle of the building structure, the structural deformation
variables sliding filtering and feature extraction module
constructs the high-fidelity fault-tolerant filter and draws the
curves of the maximum deviation, the maximum inclination
angle and the maximum inclination azimuth of the building
structure changing with time, the risk judging module deter-
mines whether the maximum deviation, the maximum incli-
nation angle and the maximum inclination azimuth of the
building structure have abnormal changes, and the early
warning module performs abnormal alarm and risk response
when the risk judging module judges that the building has
abnormal changes.

[0027] The invention has the beneficial effects that the
differential navigation positioning data of buildings are
collected by designing the building monitoring network, and
structural deformation variables including the maximum
deviation, the maximum inclination angle and the maximum
inclination azimuth are calculated out, so as to facilitate the
risk judgment of skyscrapers and the constructed high-
fidelity fault-tolerant filter can filter data of monitoring
devices such as receivers and so on, so that the data is more
accurate. Moreover, through the networking monitoring of
multiple sets of multi-mode integrated navigation receivers,
the calculation and feature extraction of building structure
features, the perception and warning of the collapse risk of
super-high building structures can be effectively realized,
the risk perception ability of skyscraper disasters can be
improved, and the influence of various factors on the safety
of super-high buildings can be accurately monitored, ana-
lyzed and evaluated, so as to avoid problems beforehand.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] In order to more clearly explain the embodiments
of the invention or the technical solutions in the prior art, the
following will briefly introduce the drawings that need to be
used in the description of the embodiments or the prior art.
Obviously, the drawings in the following description are
only some embodiments of the invention, and for ordinary
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technicians in the field, other drawings can be obtained
according to these drawings without making any creative
efforts.

[0029] FIG. 1 is a flowchart of the method of the embodi-
ment 1 of the invention;

[0030] FIG. 2 is a schematic diagram of the layout of four
monitoring points on different shapes of horizontal sections
in the embodiment 1 of the invention;

[0031] FIG. 3 is a schematic diagram of the structure of
the device according to the embodiment 2 of the invention.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0032] Next, the technical solutions in the embodiments of
the invention will be clearly and completely described with
reference to the drawings in the embodiments of the inven-
tion. Obviously, the described embodiments are only part of
the embodiments of the invention, not all of them. Based on
the embodiments in the invention, all other embodiments
obtained by ordinary technicians in the field without creative
work are within the protection scope of the invention.

Embodiment 1

[0033] Referring to FIG. 1 and FIG. 2, this embodiment
provides the convenient swing monitoring method for sky-
scrapers, which includes the following steps:

[0034] step 1, establishing a building monitoring network
by using a vertically distributed three-layer three-dimen-
sional mesh layout, and setting four monitoring points on
each layer of the monitoring network, each monitoring point
is provided with the receiver and the data conversion mod-
ule, receiving navigation data sent by the satellite navigation
system in real time through each receiver, and transmitting
monitoring data of the monitoring point to a disaster risk
monitoring center through each data conversion module; a
network layout of the building monitoring network is a
bottom-middle-top three-layer structure sequentially distrib-
uted from bottom to top, and the receiver is a high-precision
multi-mode satellite navigation receiver, and includes dif-
ferent modes of GPS \GNSS \BD and a converged multi-
mode; the navigation data includes navigation message and
differential positioning data, and the data conversion module
transmits the monitoring data of the corresponding moni-
toring point to the disaster risk monitoring center through
ZigBee communication network;

[0035] step 2, recording the differential navigation posi-
tioning data obtained by the four monitoring points on each
layer of the building monitoring network at the t, moment,
which are respectively {(x,, (t), y,,(t), z,;, t)1i=1,2,3,4;
7=0,1,2}, where j represents the layer serial number for three
monitoring planes from bottom to top, and i represents the
serial number for the four monitoring points numbered
clockwise at a j-th layer of the building monitoring network;
using differential navigation positioning data of the four
monitoring points in the same layer to respectively calculate
a central coordinate and a normal vector of the plane in the
layer, and respectively determine a maximum deviation, a
maximum inclination angle and a maximum inclination
azimuth angle of a building structure according to the
calculated central coordinates and normal vectors of the
three monitoring planes;

[0036] the center coordinate (X,y,z,) is calculated by

7
using the differential navigation positioning coordinates
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{xi (6> vi; (8 7,5 (t)11=1,2,3,4} of the four monitoring
points on the j-th (j=0,1,2) layer obtained at the t, moment,
and the calculation formula is:

() = %(xl,j([k) ;rxs,j(lk)

(te) + v3,;t)
70 = ()ﬁ; i3 2)’3] i3

X2 (lk)+x4 (%)
J J ) 42 x;,7(tE)

+y2]([k)+y4]([k)) 42 Yisttn)

)+ 23 (0 1) + 2 40
2,(05) = E(le(k) 223](k) N Z3 (k) Z4](k)) 42 2t
(=0,1,2);
[0037] the differential navigation positioning coordinates

{(xi; () ¥: (8 2,5 (t)11=1,2,3,4} of the four monitoring
points on the j-th (j=0,1,2) layer obtained at the t, moment
is used to calculate the normal vector (lj, my, nj) of the plane
j (j=0,1,2), and the calculation formula is:

1Y) = v3,5) - v, ;) — va ;1)
21,;) — 23,5 (t)  Z2,5(8) — 24 ;(8%)
21,5 (@) — 23,5 (k) Z2,7(k) — 74 (%)
X1, W) = X3,5(8k)  x2,;(0k) — x4, 5 (k)
X1, (8) = x3,5(t)  X2,5() — Xa,5(8)
Y1) = v3. ;) v2,;) — ya, (k)

Li(te) = [D1,@) D2, ()]

m () = [Dy ;) Do, (1) ™

n;(ty) = [Dy,(tx)Ds, ,-(zk)]’1|

=012,

[0038] where

(x1() = G @) +

D) = | (100 — ys j@)* +
(z1,0) — 23, ))
(e () — Cea s G +
Dy i) = | (v, = ya @) +

(22,5 (t) — Za ;)

[0039] the maximum deviation of the building structure is
calculated by using the center coordinates (§j,§j,2j)0=0,1,2)
of three different layers obtained by calculation, and the
calculation formula is:

DO,Z(tk):V Gt X BN+t )

[0040] the normal vectors (l;, m;, n;) of three different
planes j (j=0,1,2) is used to calculate the maximum incli-
nation angle of the building structure. The calculation for-
mula is:

6(4) = max arccos{n;(t;)};
j=0,12

[0041] then the maximum inclination azimuth of the build-
ing structure is calculated and the formula is:

) = jr:%?fzarccos{lj(tk)h
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[0042] and step 3, continuously acquiring sampling data of
the building structure by the disaster risk monitoring center
based on the building monitoring network, and constructing
a high-fidelity fault-tolerant filter with anti-outlier effects to
filter the sampling data and extract intrinsic signals, then
drawing curves changing with time of the maximum devia-
tion, the maximum inclination angle and the maximum
inclination azimuth angle of the building structure according
to the extracted intrinsic signals, and then judging whether
there is any abnormal change in the building structure
according to the relevant international and domestic building
safety standards, and giving an alarm and a risk response in
case of abnormal circumstances, so as to realize the percep-
tion and warning of the collapse risk of the building struc-
ture;

[0043] the specific algorithm of constructing the high-
fidelity fault-tolerant filter with anti-outlier effect is as
follows:

[0044] S1, selecting an odd number r, setting the width of
the sliding window to be L=3r, as for the deformation degree
sequence {5, (L)} € {{Do,(t)} {B(L)}. {0(t)}} of the
structure, recording {Lg(t,_,), - - . » Le(ty, )} as the sequence
of data segments {L(t,_), . . ., Lg(ty, )} sorted from small
to large, and performing the sliding tertile fault-tolerant
mean filtering, the filtering calculation formula is:

R
Fe=5)"

(k=s+1,5+2,...,n—3),

L Ll y)

where s=(3r—1)/2, and n is the number of sampling data
points;

[0045] S2, comparing the original sequence (also referred
to as deformation degree sequence) {&, (t,)} € {{Dg.(t)}.
{0(t)}, {0(t,) }} with the tertile fault-tolerant mean filtering
to make a difference to form the residual sequence Aé(tk)zﬁ_,
(tk)—Fg(tk);

[0046] S3, adding s number of zeros to the left and right
ends of the residual sequence {Ag(t,)} to form a residual
sequence with the number still being 77 , and performing
sliding tertile fault-tolerant mean filtering again to obtain
residual tertile fault-tolerant filtering:

1 .
Faglte) = - Zj_:im Lpg(tes )

(k=s+1,5+2,...,n—3),

[0047] where {L,g(t;_),
sequence of residual fragments {Ag(t,_), . . .,
sorted from small to large;

[0048] S4, compensating the residual error of the tertile
fault-tolerant mean filtering Fy(t,) obtained in the S1 by
using the residual tertile fault-tolerant filtering Fg(t,)
obtained in the S3 to obtain the digital sequence double
tertile sliding filtering {E,(t)} € {{Dy.(to}, {810}, {0(t,)
1}, the calculation formula is: &(tk)zFé(tk)+FAé(tk) (k=s+1,
s+2, ..., n-s)

[0049] as long as the number of abnormal data of outlier
spots in the sliding window does not reach '3 of the number
of data points in the sliding window, the filtering result will

» Lag(tirs)} is the data
Aty )}
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not be distorted due to the influence of abnormal data, so the
filtering algorithm of the invention has good fault-tolerant
fidelity, that is, a high-fidelity fault-tolerant filter.

Embodiment 2

[0050] With reference to FIG. 3, this embodiment pro-
vides the convenient swing monitoring device for skyscrap-
ers which includes the distributed building monitoring net-
work and the centralized disaster risk monitoring center; the
distributed building monitoring network has a three-layer
three-dimensional mesh layout which is vertically distrib-
uted, and each layer of the distributed building monitoring
network is provided with four monitoring points, each
monitoring point is provided with a receiver and a data
conversion module, and is responsible for receiving and
forwarding satellite navigation messages and navigation
positioning measured data; the disaster risk monitoring
center includes the data receiving module, the center point
coordinate and normal vector calculating module, the struc-
tural deformation variables calculating module, the struc-
tural deformation variables sliding filtering and feature
extraction module, the risk judging module and the early
warning module which are sequentially connected and the
data receiving module is connected with the building moni-
toring network.

[0051] The data receiving module receives data from the
distributed building monitoring network, the center point
coordinate and normal vector calculating module calculates
the center point coordinates and normal vectors from the
distributed building monitoring network, the structural
deformation variables calculating module calculates the
maximum deviation, the maximum inclination angle and the
maximum inclination azimuth angle of the building struc-
ture, the structural deformation variables sliding filtering
and feature extraction module constructs the high-fidelity
fault-tolerant filter and draws the curves of the maximum
deviation, the maximum inclination angle and the maximum
inclination azimuth of the building structure changing with
time, the risk judging module determines whether the maxi-
mum deviation, the maximum inclination angle and the
maximum inclination azimuth of the building structure have
abnormal changes, and the early warning module performs
abnormal alarm and risk response when the risk judging
module judges that the building has abnormal changes.
[0052] It is worth mentioning that, in some embodiments,
the data conversion module (also referred to as data con-
verter) is embodied by at least one processor and at least one
memory coupled to the at least one processor, and the at least
one memory stores programs executable by the at least one
processor. Likewise, the data receiving module, the center
point coordinate and normal vector calculating module, the
structural deformation variables calculating module, the
structural deformation variables sliding filtering and feature
extraction module, the risk judging module and the early
warning module are embodied by at least one processor and
at least one memory coupled to the at least one processor,
and the at least one memory stores programs executable by
the at least one processor.

[0053] The above description is only the preferred
embodiment of the present invention, and it is not intended
to limit the present invention. Any modification, equivalent
replacement, improvement, etc. made within the spirit and
principle of the present invention should be included in the
scope of protection of the present invention.
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What is claimed is:

1. A swing monitoring method for skyscrapers, compris-
ing:

step 1, establishing a building monitoring network by

using a vertically distributed three-layer three-dimen-
sional mesh layout, and setting four monitoring points
on each layer of the building monitoring network,
wherein each of the four monitoring points is provided
with a receiver and a data converter, the receiver is
configured to receive navigation data sent by a satellite
navigation system in real time, and the data converter
is configured to transmit monitoring data of corre-
sponding one of the four monitoring points to a disaster
risk monitoring center;

step 2, recording differential navigation positioning data

obtained by the four monitoring points on each layer of
the building monitoring network at t, moment, using
differential navigation positioning data of the four
monitoring points on a same layer of the building
monitoring network to calculate a central coordinate
and a normal vector of a monitoring plane correspond-
ing to the same layer to thereby obtain calculated
central coordinates and calculated normal vectors for
three layers of the building monitoring network, and
determining a maximum deviation, a maximum incli-
nation angle and a maximum inclination azimuth angle
of a building structure according to the calculated
central coordinates and the calculated normal vectors;
wherein the differential navigation positioning data by
the four monitoring points on each layer of the building
monitoring network at t, moment respectively are {(x,
A, ¥, (4, 2 (tIE1.2, 3,45 j=0,1,2}, where j repre-
sents a layer serial number for three monitoring planes
of the building monitoring network from bottom to top,
and i represents a serial number for the four monitoring
points numbered clockwise at a j-th layer of the build-
ing monitoring network; and

step 3, continuously acquiring sampling data of the build-

ing structure by the disaster risk monitoring center
based on the building monitoring network, and con-
structing a high-fidelity fault-tolerant filter with anti-
outlier effects to filter the sampling data and extract
intrinsic signals, then drawing curves changing with
time of the maximum deviation, the maximum incli-
nation angle and the maximum inclination azimuth
angle of the building structure according to the
extracted intrinsic signals, and then judging whether
there is any abnormal change in the building structure
according to relevant international and domestic build-
ing safety standards, and giving an alarm and a risk
response in case of abnormal circumstances, so as to
realize perception and warning of a collapse risk of the
building structure.

2. The swing monitoring method according to claim 1,
wherein in the step 1, a network layout of the building
monitoring network is a bottom-middle-top three-layer
structure sequentially distributed from bottom to top, and the
receiver is a multi-mode satellite navigation receiver, and
comprises different modes of Global Positioning System
(GPS)\ Global Navigation Satellite System (GNSS)\BeiDou
Navigation Satellite System (BD) and a converged multi-
mode.

3. The swing monitoring method according to claim 1,
wherein in the step 1, the navigation data comprises navi-
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gation message and differential positioning data, and the
data converter transmits the monitoring data of the corre-
sponding one of the four monitoring points to the disaster
risk monitoring center through a ZigBee communication
network.

4. The swing monitoring method according to claim 1,
wherein in the step 2, using the differential navigation
positioning data {(x; (ty), v, (t), z,; (t)i=1,2,3,4} of the
four monitoring points on the j-th layer obtained at the t,
moment to calculate the center coordinate (§j,§j,2j) of the j-th
layer according to the following calculation formula:

05) = l(xl,j(lk);rxs,j(lk) N Xz;(’k)*M;(’k)) 42 50
7,66 = (J’U(tk);rys;(tk) N yz;(tk)+y41(lk)) 42 Vi @) 5
z1 () + 73 (1) z (t)+z (tx)
PR ERUESRTINETAEEY Y S
where
j=0,1,2;

wherein using the differential navigation positioning data
{(x; (8> ¥ij (80 7; {t)11=1,2,3,4} of the four monitor-
ing points on the j-th layer obtained at the t, moment to
calculate the normal vector (lj,mj,nj) of the monitoring
plane j (j=0,1,2) corresponding to the j-th layer accord-
ing to the following calculation formula:

Co| i) = v ) va, i) — va, (k)
21, (k) = 23, ;) Z2,;(tk) — 24 (1)
21, (k) = 23, ;) Z2,;(t) — 24 (1)
X158 = x3, ;) x2;() — x4 ;@) |
Cq| X1 = x5 () x2,5(8) — Xa 5(tk)
Y178 = v3.5) v2,:(k) = va, ;)

L) = [D1 j(t)D2, (1))

m;(t) = [Dy j(6)D2 ;)] !

nj(tx) = [D1,;(t) D2, (1))

where j=0,1,2, and

(

1, (t) — (3,6 +

D) = | (1@ — 3@ +
(21,;(p) — 23 ()
(e () — Cea ;5 +
Do) = | (20t — yas60)* +

(22,5(tp) — 24 (1))

5. The swing monitoring method according to claim 4,

wherein the maximum deviation of the building structure
is calculated out by using three calculated central
coordinates (X,,y,.z,) of three monitoring planes accord-
ing to a calculation formula that:

Do,z(fk):V@2(11()—}0(?1())2+@2(fk)—§o(fk))2, where
j=0,1,2 respectively;

wherein the maximum inclination angle of the building
structure is calculated out by using three calculated
normal vectors (1,,m;,n;) of the three monitoring planes
j (=0,1,2) according to a calculation formula that:
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0(te) = jr:r})fll)fzarccos{n FUIH

wherein the maximum inclination azimuth of the building
structure is calculated out according to a calculation
formula that:

Blt) = jr:r(l)?fzamcos”j([k)}'

6. The swing monitoring method according to claim 1,
wherein in the step 3, a specific algorithm of the constructing
the high-fidelity fault-tolerant filter with anti-outlier effects
is as follows:

S$1, selecting an odd number r, setting a width of a sliding
window to be L=3 r, as for a deformation degree
sequence {&, (to}e {{Do(to}, {8(t)}, {0(t)}} of the
building structure, recording {Lg(t;_,). - - -, Le(t, )} as
asequence of a data segment {€(t,_)), . .., (t,, )} sorted
from small to large, and performmg sliding tertile
fault-tolerant mean filtering according to follow calcu-
lation formula to obtain a tertile fault-tolerant mean
filtering:

R
Fe=5)"

(k=s+1,5+2,...,n—3),

L Ll y)

where s=(3r—1)/2, and n is a number of sampling data points;
S2, comparing the deformation degree sequence {&, (t.)
e {{Do,(ty)}, {6(t)}, {0(t)}} with the tertile fault-
tolerant mean filtering to form a residual sequence
Ag(tk)zg(tk)_FE_‘(tk);
$3, adding s number of zeros to left and right ends of the
residual sequence {A ()} to form another residual
sequence with a number still being n, and performing
the sliding tertile fault-tolerant mean filtering again to
obtain a residual tertile fault-tolerant filtering:

Lywr Las(t
VZ]_}W 2t )

(k=s+1,5+2,...,n—3),

Faglte) =

where {Le(t;_0), - - ., Lae(ty )} is a data sequence of a
residual fragment {Ag(t;_,), . . . , Ag(te,)} sorted from small
to large;
S4, compensating residual errors of the tertile fault-
tolerant mean filtering Fy(t,)obtained in the S1 by using
the residual tertile fault-tolerant filtering F,e(t,)
obtained in the S3 to obtain a digital sequence double
tertile sliding filtering of the deformation degree
sequence {£,(t)} € {{Doa(t)}. {0t} {0(t)}}
_ according to follow calculation formula:
E(t)=Fe(t)+Fe(ty) (k=s+1, 8+2, . . ., n—s), which is the
high-fidelity fault-tolerant filter.
7. A swing monitoring device for skyscrapers, comprising
a distributed building monitoring network and a centralized
disaster risk monitoring center;
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wherein the distributed building monitoring network has
a vertically distributed three-layer three-dimensional

8. The swing monitoring device according to claim 7,
wherein the data receiving module is configured to

mesh layout, and each layer of the distributed building
monitoring network is provided with four monitoring
points, each of the four monitoring point is provided
with a receiver and a data converter and responsible for
receiving and forwarding satellite navigation messages
and navigation positioning measured data; and

wherein the centralized disaster risk monitoring center

comprises a data receiving module, a center point
coordinate and normal vector calculating module, a
structural deformation variables calculating module, a
structural deformation variables sliding filtering and
feature extraction module, a risk judging module and
an early warning module sequentially connected one by
one and the data receiving module is connected with
the distributed building monitoring network;

wherein the data receiving module, the center point coor-

dinate and normal vector calculating module, the struc-
tural deformation variables calculating module, the
structural deformation variables sliding filtering and
feature extraction module, the risk judging module and
the early warning module are software modules stored
in one or more memories and executable by one or
more processors coupled to the one or more memories.

receive data from the distributed building monitoring
network, the center point coordinate and normal vector
calculating module is configured to calculate center
point coordinates and normal vectors from the distrib-
uted building monitoring network, the structural defor-
mation variables calculating module is configured to
calculate a maximum deviation, a maximum inclination
angle and a maximum inclination azimuth angle of a
building structure, the structural deformation variables
sliding filtering and feature extraction module is con-
figured to construct a high-fidelity fault-tolerant filter
and draw curves of the maximum deviation, the maxi-
mum inclination angle and the maximum inclination
azimuth of the building structure changing with time,
the risk judging module is configured to determine
whether the maximum deviation, the maximum incli-
nation angle and the maximum inclination azimuth of
the building structure have abnormal changes, and the
early warning module is configured to perform abnor-
mal alarm and risk response when the risk judging
module judges that the building structure has the abnor-
mal changes.



